The evaluation of wave-induced pore pressure and effective stresses is an important factor in the design of offshore installations. However, to simplify a complicated problem, most previous investigations have ignored the effects of inertia forces. This paper presents a new semi-analytical solution to the equations governing the wave-induced seabed response, including inertia terms for the whole problem. The numerical results show that the inertia forces cannot always be ignored. The relative difference between the present solution (with inertia items) and the previous solution (without inertia items) may reach 17% of p o under certain combinations of wave and soil conditions.
Introduction
Recently, the phenomenon of wave-seabed interaction has been extensively studied by geotechnical and coastal engineers. The major reason for the growing interest in this problem is that many offshore installations (such as breakwaters, pipelines, and platforms, etc.) have been reported to be damaged by the waveinduced seabed instability in the vicinity of structures, rather than from construction causes (Silvester and Hsu 1989) .
When waves propagate over the ocean, they induce dynamic pressure fluctuations on the sea floor. These fluctuations further generate excess pore pressures and effective stresses, which have been recognized as dominant factors in causing the instability of a seabed (Rahman 1997) . Thus, an evaluation of the wave-induced soil response (including pore pressure, effective stresses, and soil displacements) is of significant importance to marine geotechnical and coastal engineers involved in the design of foundations for offshore installations.
Based on Biot's theory (Biot 1941) , numerous theories of wave-induced soil response have been developed since the early 1940's. Among these, Yamamoto et al. (1978) considered twodimensional progressive waves over an isotropic and homogeneous seabed of infinite thickness. This model has been further extended to a seabed of finite thickness as well as a layered seabed (Jeng 1997) . In the past few years, some advances have been made by including anisotropic soil behaviour and nonhomogeneity (Jeng 1997) . None of these investigations have not considered the effects of inertia forces on the wave-induced seabed response. An analytical closed-form solution has been developed by the authors to investigate the inertia effects on the wave-induced seabed response in an infinite seabed (Jeng et al. 1999 ). However, it has been reported that seabed thickness plays an important role in the evaluation of seabed response (Jeng 1997) . Thus, it is of interest to re-examine the inertia effects on soil response for a seabed of finite thickness.
The objective of this study is to examine the influence of inertia forces on the wave-induced seabed response. To do so, the inertia terms are included in the governing equations. Based on the theory proposed by Jeng (1997) , a new semi-analytical solution for such a condition is derived in this paper. To simplify the complicated problem, the porous seabed is considered to be an isotropic homogeneous medium of finite thickness. Based on the newly derived solution, the influences of inertia forces on the wave-induced seabed response will be examined.
Theoretical formulations

Governing equations
A progressive wave propagating over a porous seabed of finite thickness is depicted in Fig. 1 . The wave crests are assumed to propagate in the positive x-direction, while the z-direction is measured positive upward from the seabed surface.
In this study, we treat the soil behaviour of soil as isotropic linear elastic. The applicability of linear elastic isotropic soil behaviour has been argued because most marine sediments display a certain degree of anisotropy. However, to have some basic understanding of the inertia effects on the wave-induced seabed response, linear elastic isotropic soil behaviour is acceptable as a first approximation. Certainly, this is the limitation of the present study.
For a two-dimensional wave-seabed interaction problem and treating the porous seabed as hydraulically isotropic with the same permeability, the consolidation equation (Biot 1941) can be expressed as
where K is soil permeability, γ w is the unit weight of pore water, n is soil porosity, p is pore pressure, t is the time, and ρ f is the density of the pore fluid.
In eq.
[1], the compressibility of pore fluid (β) and the volumetric strain of the soil matrix(ε) are defined by
in which u and w are soil displacements in the x-and z-directions, respectively. K w is the true modulus of elasticity of water (taken as 2 × 10 9 N/m 2 , Yamamoto et al. 1978) , P wo is the absolute water pressure, and S is the degree of saturation. Although more comprehensive treatment of partially saturated soil has been reported in the literature, to simplify the complicated problem, we use eq. [2] to describe the unsaturation of the soil as suggested by Verrujit (1969) .
Under the conditions of plane strains, the relationship between incremental effective stresses and soil displacements can be expressed as
where G is the shear modulus of the soil, µ is Poisson's ratio, and the shear stresses are expressed in double subscripts, τ xz , denoting the stress in the z-direction on a plane perpendicular to the x-axis. It is noted that a positive sign is taken for a tension normal stress in this study.
Based on the concept of effective stresses, the force equilibrium in the absence of body force within the soil skeleton can be expressed in terms of soil displacements and pore pressure as
where ρ (= (1 − n)ρ s + nρ f ; ρ s is solid density and ρ f is pore fluid density) is the density of the soil. It is noted that the second terms on the right-hand side of eqs.
[6] and [7] are inertia forces, which have been ignored in most previous works (Yamamoto et al. 1978; Jeng 1997) .
Boundary conditions
For a porous seabed of finite thickness, as shown in Fig. 1 , the evaluation of the wave-induced seabed response requires the solution of eqs.
[1], [6], and [7] , together with the appropriate boundary conditions.
At the bottom of the seabed, zero displacements and no vertical flow occurs, i.e.,
We have assumed that the bottom frictional stress is small and negligible. At the seabed surface, the vertical effective normal stress and shear stress are zero and the pore pressure is equal to the wave pressure, i.e., (kx−ωt) at z = 0 where p o (= γ w H/ cosh kd; H is the wave height) is the amplitude of wave pressure at the seabed surface, and k is the wave number, which is defined by 2π/L (L is the wavelength). In eq.
[10], Re represents the real part of the function in brackets.
General solutions
Since the wave-induced oscillatory soil response fluctuates periodically, the wave-induced pore pressure and soil displacements can be expressed as u (x, z; t), w(x, z; t), p(x, z; t) 
The wave-induced effective normal stresses and shear stresses can then be expressed as
[12]
[13]
Following a similar procedure proposed by Jeng (1997) for the quasi-static solution, the wave-induced soil displacements and pore pressure can be expressed as 
Numerical results
The aim of this paper is to investigate the effects of inertia force on the wave-induced pore pressure, effective stresses, and soil displacements in a seabed of finite thickness, that is, the relative differences between the present solution with inertia forces and the previous solution without inertia forces (Jeng 1997) . In fact, the influence of inertia force also depends on other soil and wave parameters (such as seabed thickness, degree of saturation, etc.). To have a basic understanding of the influence of inertia forces on soil response, we discuss inertia effects through a parametric study in the following sections.
Effects of seabed thickness
Figures 2 and 3 illustrate the vertical distribution of the maximum amplitudes of the wave-induced soil response (including pore pressure, effective normal stresses, shear stress, and soil displacements) versus the relative soil depth (z/L) for various value of seabed thickness in coarse and fine sandy seabeds, respectively. In the figures, the solid lines represent the results of the present theory with inertia forces, and the dashed lines are the results of previous analytical solutions without inertia forces.
As seen in the figures, it is observed that the effects of inertia forces on the wave-induced horizontal effective normal stress (|σ x |/p o ) and vertical soil displacement (|2Gkw|/p o ) are significant in both coarse and fine sands. However, the waveinduced pore pressure (|p|/p o ), vertical effective normal stress (|σ z |/p o ), and shear stress (|τ xz |/p o ) are only significantly affected by the inertia forces in a coarse sand, not in a fine sand. It is also observed that the wave-induced soil displacement in the horizontal direction is unaffected by inertia forces, as seen in Figs. 2 and 3 . The figures clearly indicate that the maximum relative difference of pore pressure between the two solutions occurs near the seabed bottom in a coarse sand, while it occurs near the seabed surface in a fine sand.
It is worthwhile to point out that the inertia forces reduce the amplitude of the wave-induced pore pressure (Fig. 2) . This implies that the excess pore pressure (p−p b ) will become larger under wave troughs and lead to a larger liquefaction depth near the wave troughs.
The contours of the wave-induced seabed response in saturated coarse and fine sands are illustrated in Figs. 4 and 5. The figures clearly indicate that the inertia forces not only affect the amplitude of the wave-induced seabed response, but also the distributions in spatial domain. For example, there is a phase lag between two solutions for pore pressure (e.g., Fig. 4a ). This phenomenon becomes more significant in the horizontal effective stress and vertical soil displacements (e.g., Figs. 4b and 4f ) .
Effects of the degree of saturation
It is common to find air/gas within marine sediments. It is believed that most marine sediments have degrees of saturation very close to unity, implying nearly full saturation (Pietruszczak and Pande 1996) . It has been reported that the degree of saturation plays an important role in the analysis of the wave-induced seabed response. Thus, it is of interest to investigate the effects of inertia forces on the seabed response for various degrees of saturation values. Figure 6 illustrates the wave-induced pore pressure (|p|/p o ) versus the relative soil depth (z/ h) for various degrees of saturation in a coarse sand. It can be found that the effects of saturation of the pore pressure with inertia forces (solid lines) may not be as important as that in the previous solution without inertia forces (dashed lines), especially in a nearly saturated seabed.
Effects of soil permeability
Soil permeability is an important parameter in soil mechanics, which describes how fast the pore fluid transfers through the pores between soil particles. In general, different values of soil permeability represent different materials. In this section, we will discuss the influences of soil permeability (in terms of coarse sand and fine sand) on the wave-induced seabed response.
Referring to Figs. 2-5, the major difference in soil characteristics between coarse sand and fine sand is soil permeability. Comparing Figs. 2 and 3 and Figs. 4 and 5, it is seen that the inertia effect affects the wave-induced soil response in coarse sand more significantly than in fine sand because the pore fluid is more easily transferred in coarse sand than in fine sand. This trend is more obvious in the magnitudes of |p|/p o , |σ z |/p o , and |τ |/p o .
When should we consider inertia forces?
In engineering practice, it is important to find the relative differences of the wave-induced seabed response between two solutions (the present solution with inertia forces and the previous solution without inertia forces) and determine when we should consider inertia forces in the evaluation of the waveinduced seabed response. For a coarse sand (Fig. 7a) , the relative differences of pore pressure between two solutions (| p|/p o ) increases as d/L increases and as relative seabed thickness (h/L) increases. This implies that the inertia forces will become more important in the evaluation of the pore pressure in deep water for a coarse sand. This phenomenon becomes more obvious as h/L increases.
For a fine sand (Fig. 7b) , the trend of | p|/p o is different from that in coarse sand. The maximum value of | p|/p o occurs in shallow water (near d/L = 0.1) and becomes almost a constant in middle and deep waters (d/L > 0.2). It is also noted that the relative difference of pore pressure | p|/p o does not always increase as h/L increases. The maximum value occurs at the relative soil depth h/L = 0.2.
A possible explanation for the different trends between coarse and fine sands in Fig. 7 could be that the maximum value of | p|/p o in course sand occurs near the seabed bottom (as seen in Fig. 2a ) and it occurs near the seabed surface in fine sand (as seen in Fig. 3a) . It is also noted that the maximum value of | p| reaches 17% of p o in fine sand (Fig. 7b) , which is about three times that of the maximum value of | p| in an infinite seabed as concluded from the authors' previous work (Jeng et al. 1999) . This implies that the inertia forces cannot always be ignored at particular values of seabed thickness.
Conclusions
In this study, inertia forces are included in the poro-elastic model for the wave-induced seabed response in a porous seabed of finite thickness. A new semi-analytical solution was derived here. Based on the numerical results presented, the following conclusions can be drawn:
(1) Generally speaking, the effects of inertia forces on pore pressure, effective stresses, and vertical soil displacements may be more significant under a certain combination of wave and soil conditions. The maximum value of the relative differences of pore pressure (| p|) may be up to 17% of p o (Fig. 7) . (2) The inertia forces do not only affect the magnitudes of the wave-induced seabed response, but also the spatial distribution. There is a phase lag in the distribution of the wave-induced seabed response between the present solution (with inertia forces) and the previous analytical solution (without inertia forces).
(3) The influence of the degree of saturation on the waveinduced seabed response will be reduced if the inertia forces are included in the wave-seabed interaction model.
(4) Comparing Figs. 2 and 3, the inertia effect is more important in coarse sand than in fine sand, due to higher permeability in coarser material.
(5) According to Fig. 7 , it is found that the inertia forces may be more important in deeper water with larger seabed thickness in a coarse sand. However, the inertia forces will be more important in shallow water with h/L = 0.2 in a fine sand.
